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MET HOD OF MAKING DENSE COMPOSITES OF BULK-SOLIDIFYg JG 
AMORPHOUS ALLOYS AND ARTICLES THEREOF 



FIELD OF INVENTION 
5 The present invention relates to a method of making composites of bulk-solidifying 

amorphous alloys and articles made thereof; and more particularly to a method of producing a 
bulk-solidifying amorphous composite having a high volume fraction of reinforcement 
material therein. 

10 BACKGROUND OF THE INVENTION 

Bulk solidifying amorphous alloys are a recently discovered family of amorphous 
alloys, which can be cooled at substantially lower cooling rates, of about 500 K/sec or less, 
and retain their amorphous atomic structure substantially. As such, they can be produced in 
thickness of 1.0 mm or more, substantially thicker than conventional amorphous alloys, 

15 which have typical thicknesses of 0.020 mm and which require cooling rates of 10 5 K/sec or 
more. 

Because of their improved properties, bulk-solidifying amorphous alloys have been 
found to be a useful matrix material for a variety of reinforcement material, including 
composite materials. Such composite materials and methods of making such composite 
20 materials have been disclosed, for example, U.S. Patent Nos. 5,567,251; 5,866,254; 
5,567,532; and 6,010,580. 

However, the processing of such bulk-solidifying amorphous composites with high 
volume fractions of reinforcement material poses some challenges and hinders the 
development and use of such composites. For example, thus far composite articles made with 
25 bulk-solidifying amorphous materials have typically limited to materials where the volume 
fraction of particulate reinforcement material is less than 75%. In addition, it has proven 
difficulty to produce a composite bulk-solidifying amorphous material having a high volume 
fraction of fine carbon fiber reinforcement material. 

Accordingly, a need exists to produce a fully dense bulk-solidifying amorphous 
30 composite having a high volume fraction of reinforcement material therein. 

SUMMARY OF THE INVENTION 

The current invention is directed to a method of making composites of bulk- 
solidifying amorphous alloys, and articles made thereof, containing at least one type of 
35 reinforcement material, wherein the composite material preferably comprises a high volume 
fraction of reinforcement material and is fully-dense with minimum porosity by performing 
the steps of the process required to retain the amorphous phase and/or form near-to-net shape 
articles only after the composite material has been densified. 
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1 In one embodiment the bulk solidifying amorphous alloys comprise materials selected 

from the group described by the molecular equation: (Zr,Ti) a (Ni,Cu, Fe) b (Be,Al,Si,B) c , where 
a is in the range of from 30 to 75, b is in the range of from 5 to 60, and c in the range of from 
0 to 50 in atomic percentages. Further, the bulk-solidifying amorphous alloys can contain 

5 amounts of other transition metals up to 20 % atomic, and more preferably metals such as Nb, 
Cr, V, Co. A preferable alloy family is (Zr,Ti) a (Ni,Cu) b (Be) c , where a is in the range of from 
40 to 75, b is in the range of from 5 to 50, and c in the range of from 5 to 50 in atomic 
percentages. 

In still another embodiment, embodiment the bulk solidifying amorphous alloys 
10 comprise materials selected from the group described by the molecular equation: 
(Zr,Ti) a (Ni,Cu)b(Be)c, where a is in the range of from 45 to 65, b is in the range of from 7.5 to 
35, and c in the range of from 10 to 37.5 in atomic percentages. Another preferable alloy 
family is (Zr) a (Nb,Ti) b (Ni,Cu) c (Al) d , where a is in the range of from 45 to 65, b is in the 
range of from 0 to 10, c is in the range of from 20 to 40 and d in the range of from 7.5 to 15 
15 in atomic percentages. 

In yet another embodiment, the bulk-solidifying amorphous alloys are ferrous metals 
(Fe, Ni, Co) based compositions. One exemplary composition of such alloys is 
Fe 7 2Al5Ga 2 PiiC6B4. 

In still yet another embodiment, the bulk-solidifying amorphous alloys contain a 
20 ductile crystalline phase precipitate. 

In another embodiment, the reinforcement material is any material which is stable at 
greater temperatures than the melting temperatures of the bulk-solidifying amorphous alloy 
composition. In such an embodiment, the reinforcement material may comprise refractory 
metals such as tungsten, molybdenum, tantalum, niobium and their alloys; ceramics such as 
25 SiC, SiN, BC, TiC, WC, Si02; and other refractory materials such as diamond, graphite and 
carbon fiber. 

In another embodiment the current invention is directed to a method of forming bulk- 
solidifying amorphous composite materials comprising a densification step wherein the 
packing efficiency of the reinforcement material can be improved to provide the desired high 
30 density. 

In still another embodiment, the feedstock is a blended mixture of reinforcement 
material and bulk solidifying amorphous alloy composition. In such an embodiment, the 
reinforcement material can be in a variety of forms such as wire, fiber, loose particulate, foam 
or sintered preforms. 

35 In still yet another embodiment the packing density of the feedstock mixture is 

preferably 30 % and higher and most preferably 50 % and higher. 

In still yet another embodiment, the feedstock mixture is blended and pressed under 
vacuum. 
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1 In still yet another embodiment, the provided feedstock mixture is canned and sealed 

under vacuum by a soft and malleable metal. In such an embodiment, the vacuum is 
preferably better than 10" 3 Torr. 

In still yet another embodiment, the bulk-solidifying amorphous alloy has a )T of 
5 larger than 60 °C, and preferably larger than 90 °C. 

In still yet another embodiment, the densification step is carried out through an 
extrusion process above the melting temperature of the bulk-solidifying amorphous alloy 
composition. 

In still yet another embodiment, the densification step is carried out by applying a 
10 hydro-static pressure above the melting temperature of the bulk-solidifying amorphous alloy 
composition. 

In still yet another embodiment, the densification step is carried out through an hot- 
isostatic process (HIP) process above the melting temperature of the bulk-solidifying 
amorphous alloy composition. 
15 in still yet another embodiment, the feedstock mixture is fully-densified having a 

packing efficiency greater than 99 % and most preferably 100 %. 

In still yet another embodiment, the method comprises a first cooling step wherein the 
densified mixture is cooled sufficiently fast to retain substantially all of the amorphous 
structure of the bulk solidifying amorphous alloy composition. In such an embodiment, 
20 subsequently the densified mixture is heated and formed/shaped around or above the glass 
transition of temperature of bulk-solidifying amorphous alloy. 

In still yet another embodiment, the forming/shaping step is carried out above the 
melting temperature. In such an embodiment, the re-heating of the densified mixture in the 
forming/shaping cycle may be extended to temperatures with an increased superheat of at 
25 least 50 °C above the temperatures used in the densification step. 

In another embodiment, the reinforcement material is tungsten metal or particulate 
tungsten metal and comprises a volume fraction of greater than 75 % of the densified 
composite material. 

In yet another embodiment, the reinforcement material is particulate tungsten metal 
30 and comprises a volume fraction of greater than 85 % in the densified composite material. 

In still another embodiment, the reinforcement material is SiC, particulate SiC, or SiC 
fiber and comprises a volume fraction of greater than 75 % in the densified composite 
material; or a volume fraction of greater than 85% in the densified composite material. 

In still yet another embodiment, the reinforcement material is Diamond or synthetic 
35 diamond and comprises a volume fraction of greater than 75 % in the densified composite 
material; or a volume fraction of greater than 85% in the densified composite material. 

In still yet another embodiment, the reinforcement material is carbon fiber and 
comprises a volume fraction of greater than 50 % in the densified composite material; or a 
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1 volume fraction of greater than 75% in the densified composite material; or a volume fraction 
of greater than 85% in the densified composite material. 

In still yet another embodiment, the composite material comprises reinforcement 
material at a volume fraction of greater than 75 % in the densified composite material; or a 

5 volume fraction of greater than 85% in the densified composite material. 

In another embodiment, the invention is directed to an article made of the composite 
material. In one such embodiment, the article is a cylindrical rod with an aspect ratio of 
greater than 10 (defined as length divided by diameter) and comprises tungsten metal as the 
reinforcement material at a volume fraction of greater than 75 %. In another such 

10 embodiment, the article of composite material is a cylindrical rod with an aspect ratio of 
greater than 15. 

In yet another embodiment, the article is at least 0.5 mm in all dimensions. 
In still another embodiment, the article of composite material is a cylindrical rod with 
an aspect ratio of greater than 10 and with a diameter of at least 10 mm. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the invention will be apparent from the 
following detailed description, appended claims, and accompanying drawings, in which: 

Figure 1 is a schematic of an exemplary microstructure of an exemplary composite 
20 material according to the present invention; 

Figure 2 is a flow chart of a method according to a second exemplary embodiment of 
the current invention; 

Figure 3 is a flow chart of a method according to one exemplary embodiment of the 
current invention; and 

25 Figure 4 is a flow chart of a method according to a second exemplary embodiment of 

the current invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The current invention is directed to a method of making composites of bulk- 
30 solidifying amorphous alloys, and articles made thereof, containing at least one type of 
reinforcement material, wherein the composite material preferably comprises a high volume 
fraction of reinforcement material and is fully-dense with minimum porosity. The materials 
according to this invention are referred to as "bulk-solidifying amorphous alloy matrix 
composites" herein. 

35 Generally, there are three main objectives in processing and fabrication of amorphous 

alloy composites with high volume fraction of reinforcement material: 

1) Achieving high packing density of the matrix and the reinforcement to minimize 
the porosity in the final product. 
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1 2) Retaining the amorphous state of the matrix alloy. 

3) The ability to form the composite material into near-to-net shape objects with very 
low aspect ratios. 

Unfortunately, it is not feasible to achieve all three objectives simultaneously. 
5 Accordingly, in the present process the steps of retaining the amorphous phase and/or 
forming near-to-net shape articles is delayed until after the composite material has been 
densified. Accordingly, it has been found that bulk solidifying amorphous alloy-matrix 
composite material having a high volume fraction of reinforcement material and with 
minimal porosity can be achieved. 
10 A composite material generally refers to a material that is a heterogeneous mixture of 

two different material phases. Figure 1 illustrates a microstructure of a bulk-solidifying 
composite material 10 made by the present approach. The composite material 10 is a mixture 
of two phases, a reinforcement phase 12 and a bulk-solidifying amorphous metal-matrix 
phase 14 that surrounds and bonds the reinforcement phase 12. 
15 Although any mix of reinforcement particles may be utilized, in one exemplary 

embodiment a substantially uniform array of reinforcement particle phase within the metal- 
matrix phase is attained. Regardless of the distribution of particles, it is preferable that the 
reinforcement phase 12 occupies from about 50 to about 90 volume percent of the total of the 
reinforcement phase and the amorphous alloy-matrix phase, although phase percentages 
20 outside this range are operable. In a most preferred form of this embodiment, the 
reinforcement phase occupies greater than about 75% by volume percent of the total material; 
and in a most preferred embodiment the reinforcement phase occupies greater than about 
85% by volume of the total material. 

Turning to the bulk-solidifying materials 14 of the composites of the current 
25 invention. Bulk solidifying amorphous alloys are recently discovered family of amorphous 
alloys, which can be cooled at substantially lower cooling rates, of about 500 K/sec or less, 
and retain their amorphous atomic structure substantially. As such, they can be produced in 
thickness of 1.0 mm or more, substantially thicker than conventional amorphous alloys of 
typically 0.020 mm which require cooling rates of 10 5 K/sec or more. U.S. Patent Nos. 
30 5,288,344; 5,368,659; 5,618,359; and 5,735,975 (the disclosure of each of which is 
incorporated herein by reference in its entirety) disclose such bulk solidifying amorphous 
alloys. A family of bulk solidifying amorphous alloys can be described as (Zr,Ti) a (Ni,Cu, 
Fe)b(Be,Al,Si,B) c , where a is in the range of from 30 to 75, b is in the range of from 5 to 60, 
and c in the range of from 0 to 50 in atomic percentages. Furthermore, those alloys can 
35 accommodate substantial amounts of other transition metals up to 20 % atomic, and more 
preferably metals such as Nb, Cr, V, Co. A preferable alloy family is (Zr,Ti) a (Ni,Cu) b (Be) c , 
where a is in the range of from 40 to 75, b is in the range of from 5 to 50, and c in the range 
of from 5 to 50 in atomic percentages. Still, a more preferable composition is 
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1 (Zr,Ti) a (Ni,Cu)b(Be) c , where a is in the range of from 45 to 65, b is in the range of from 7.5 to 
35, and c in the range of from 10 to 37.5 in atomic percentages. Another preferable alloy 
family is (Zr) a (Nb,Ti) b (Ni,Cu) c (Al) d , where a is in the range of from 45 to 65, b is in the 
range of from 0 to 10, c is in the range of from 20 to 40 and d in the range of from 7.5 to 15 

5 in atomic percentages. 

Another set of bulk-solidifying amorphous alloys are ferrous metals (Fe, Ni, Co) 
based compositions. Examples of such compositions are disclosed in U.S. Patent No. 
6,325,868, (A. Inoue et. al M Appl. Phys. Lett., Volume 71, p 464 (1997)), (Shen et. al., Mater. 
Trans., JIM, Volume 42, p 2136 (2001)), and Japanese patent application 2000126277 (Publ. 

10 # .2001303218 A), all of which are incorporated herein by reference. One exemplary 
composition of such alloys is FcnAlsG^nCeB*. Another exemplary composition of such 
alloys is Fe 7 2Al7ZrioMo5W 2 Bi5. Although, these alloy compositions are not as processable to 
the degree of Zr-base alloy systems, they can be still be processed in thicknesses around 1.0 
mm or more, sufficient enough to be utilized in the current invention. 

15 Although any of the above bulk-solidifying amorphous alloys may be utilized, in one 

preferred embodiment the bulk-solidifying amorphous alloy has a AT of larger than 60 °C 
and preferably larger than 90 °C. AT defines the extent of supercooled liquid regime above 
the glass transition temperature, to which the amorphous phase can be heated without 
significant crystallization in a typical Differential Scanning Calorimetry experiment. 

20 In general, crystalline precipitates in bulk amorphous alloys are highly detrimental to 

their properties, especially to the toughness and strength, and as such generally preferred to a 
minimum volume fraction possible. However, there are cases in which, ductile crystalline 
phases precipitate in-situ during the processing of bulk amorphous alloys, which are indeed 
beneficial to the properties of bulk amorphous alloys especially to the toughness and 

25 ductility. Such bulk amorphous alloys comprising such beneficial precipitates are also 
included in the current invention. One exemplary case is disclosed in (C.C. Hays et. al, 
Physical Review Letters, Vol. 84, p 2901, 2000), the disclosure of which is incorporated 
herein by reference. 

Turning now to the reinforcement material, the reinforcement phase 12 of the 
30 composite material 10 can be any material which is stable (i.e., having a melting temperature 
or sublimation point) at greater temperatures than the melting temperatures of the bulk- 
solidifying amorphous alloy composition. Preferably, the reinforcement material comprise 
refractory metals such as tungsten, molybdenum, tantalum, niobium and their alloys, 
ceramics such as SiC, SiN, BC, TiC, WC, Si02 or other refractory materials such as 
35 diamond, graphite and carbon fiber. 

The current invention is also directed to a method of making the composites described 
above. The method comprising the following steps: 1) providing a feedstock mixture of 
reinforcement material and bulk-solidifying amorphous alloy composition; 2) densifying the 
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1 mixture by applying pressure above the melting temperature of the bulk-solidifying 
amorphous alloy composition; 3) cooling the densified mixture below the glass transition 
temperature of the bulk-solidifying amorphous alloy composition; 4) reheating the densified 
mixture above a forming temperature; 5) forming into the final a desired shape; and 6) 

5 quenching the formed article to ambient temperature. A flow-chart of this general method is 
provided in Figure 2. 

Although any feedstock (step 1) mixture of amorphous material and reinforcement 
material may be provided, the provided feedstock is preferably a blended mixture of 
reinforcement material and a feedstock of bulk solidifying amorphous alloy. In turn the 

10 reinforcement material can be in any suitable form, such as, for example wire, fiber, loose 
particulate, foam or sintered preforms. Likewise, although the feedstock of bulk-solidifying 
amorphous alloy is preferably in a pulverized form for improved blending with the 
reinforcement material, any form suitable for mixing may be utilized. The feedstock of bulk- 
solidifying amorphous alloy does not need to have an amorphous phase and it can be in its 

15 crystalline form. However, the chemical homogeneity of the pulverized particles of bulk- 
solidifying amorphous alloy composition is preferable. The packing density (or packing 
efficiency) of the feedstock mixture is preferably 30 % and higher and most preferably 50 % 
and higher. 

The provided feedstock mixture may be blended and pressed under vacuum to aid the 
20 packing efficiency in the feedstock mixture. In one such embodiment, the feedstock mixture 
is canned and sealed under vacuum in a soft and malleable metal, which is stable (i.e., having 
a melting temperature or sublimation point) at greater temperatures than the melting 
temperatures of the bulk-solidifying amorphous alloy composition. Although any suitable 
pressure may be utilized, in one embodiment of the invention, the vacuum pressure is better 
25 than 10 3 Torn Again although any suitable malleable metal may be utilized to can the 
feedstock, in one exemplary embodiment the can material is a stainless-steel or copper based 
metal. 

In this process, during the densification step (2), the feedstock is heated such that the 
reinforcement material stays in solid form and the bulk-solidifying amorphous alloy 

30 composition is in the molten state. As a result, the molten alloy is able to flow around the 
reinforcement material and effectively lubricate the reinforcement material particles. 
Accordingly, when pressure is applied, the packing efficiency of the reinforcement material is 
improved such that a high packing density may be obtained. Although any temperature, 
pressure, and time of this process may be utilized, the superheat and the time of the 

35 densification process is preferably selected to minimize any undesirable reactions among the 
reinforcement material particles. 

In one exemplary embodiment the densification step is carried out utilizing extrusion 
process above the melting temperature of the bulk-solidifying amorphous alloy composition. 
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1 However, the densification step may be carried out using any suitable technique, such as, for 
example; by applying a hydro-static pressure above the melting temperature of the bulk- 
solidifying amorphous alloy composition, or alternatively by a hot-isostatic process (HIP) 
process above the melting temperature of the bulk-solidifying amorphous alloy composition. 

5 In one, most preferred embodiment of the invention, during the densification step (2), 

the feedstock mixture is fully-densified having a packing efficiency greater than 99 % and 
most preferably near about 100 %. 

In one embodiment of the invention, as shown in the flow-chart in Figure 3, during 
the first cooling step (3), the densified mixture is cooled sufficiently fast to substantially 

10 retain the amorphous structure of the bulk solidifying amorphous alloy composition. In such 
an embodiment, subsequently, a re-heating step (4) is performed where the densified mixture 
is heated and formed/shaped (5) around or above the glass transition of temperature of bulk- 
solidifying amorphous alloy such that crystallization of the amorphous material does not 
occur. 

15 However, in the embodiment of the invention shown as a flow-chart in Figure 4, the 

cooling rate of the first cooling step is not sufficient to form the amorphous phase in the bulk- 
solidifying amorphous alloy, in this second embodiment, the second heating cycle is extended 
above the melting temperature of bulk-solidifying amorphous alloy. As such, the forming 
step (5) is carried out above the melting temperature. In this second embodiment, in the final 

20 quenching step (6), the formed object must be cooled sufficiently fast to form the amorphous 
structure of the bulk solidifying amorphous alloy composition such that an object is formed 
comprising a bulk-solidifying amorphous composite material. 

In one specific embodiment of the invention shown as a flow-chart in Figure, the 
heating of the densified mixture in the forming/shaping step (5) may be extended to 

25 temperatures with an increased superheat of at least 50 °C above the temperatures used in the 
densification step. 

In another specific embodiment of the invention shown as a flow-chart in Figure, the 
re-heating cycle of the densified mixture in the forming/shaping step (5) is carried at 
substantially shorter time than of the densification step. 
30 In another specific embodiment of the invention shown as a flow-chart in Figure, the 

re-heating cycle of the densified mixture in the forming/shaping step (5) is carried at 
temperatures of at least 50 °C above the temperature of densification step; and at substantially 
shorter time than of the densification step. 

In one embodiment of the invention, the aspect ratio of the fully densified mixture is 
35 increased by a factor of at least twice in the forming/shaping step. In another embodiment of 
the invention, the aspect ratio of the fully densified mixture is decreased by a factor of at least 
twice in the forming/shaping step. 



-8- 



WO 2004/007786 



PCT/US2003/022522 



1 The invention is also directed to an article made by the material and process described 

above. Although any size and shaped article may be made, in one embodiment of the 
invention, the article made of the composite material is a cylindrical rod with an aspect ratio 
of greater than 10 (defined as length divided by diameter) and comprises tungsten metal as 

5 the reinforcement material at a volume fraction of greater than 75 %. In another preferred 
embodiment of the invention, the article of composite material is a cylindrical rod with an 
aspect ratio of greater than 15 (defined as length divided by diameter) and comprises tungsten 
metal as the reinforcement material at a volume fraction of greater than 75 %. 

Again although any suitable dimensions may be utilized, in one embodiment of the 

10 invention, the article of composite material is at least 0.5 mm in all dimensions. In another 
embodiment of the invention, the article of the composite material is an article of "extreme" 
aspect ratio, whereas one or two dimensions of the article is substantially larger (or smaller) 
than the other dimensions of the article. In one such embodiment of the invention, the article 
of the composite material is a cylindrical rod with an aspect ratio of greater than 10 (where 

15 the length is 10 times or more of the diameter). In such an embodiment, the rob may and have 
a diameter of at least 10 mm. In another such embodiment of the invention, the article of the 
composite material is a disc with an aspect ratio of less than 0.1 (where the diameter of the 
disc is 0.1 times or less of the thickness). 

Finally, although only tungsten metal reinforcement materials are discussed above, in 

20 another embodiment of the invention, the article or at least a portion of the article of the 
composite material comprises lightweight-hard particles - such as SiC, SiN, BC, TiC, 
diamond- as the reinforcement material at a volume fraction of greater than 75%. 
Alternatively, the reinforcement material may comprise lightweight-strong fibers - such as 
SiC, at a volume fraction of greater than 75%. 

25 Although specific embodiments are disclosed herein, it is expected that persons 

skilled in the art can and will design alternative bulk-solidifying composites and methods to 
produce the bulk-solidifying composites that are within the scope of the following description 
either literally or under the Doctrine of Equivalents. 

30 



35 
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